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Solid state implementations of qubits are chal- 
lenging, as macroscopic devices involve a large 
number of degrees of freedom and thus are difficult 
to maintain in a coherent state. This problem is less 
accute in designs based on superconducting (SC) 
electronics, which can be divided into two broad 
classes: the "charge" qubits encode different states 
through the charge trapped on a SC island |, 
while in the "phase" qubits the states differ mostly 
by the value of the phase ip of a, superconducting 
island in a low- inductance SQUID loop As 
a consequence of long-range Coulomb forces, the 
charge qubit interacts strongly with the environ- 
ment and with other qubits. On the contrary, the 
phase qubit is more effectively decoupled from the 
environment (a pure phase qubit with states dif- 
fering only by the value of tp has practically zero 
interaction with the environment). Although pure 
phase qubits can be fabricated from d-wave su- 
perconductors [|[ H the task is technologically de- 
manding. Here, we concentrate on the most simple 
version of a superconducting phase qubit (SPQB), 
a Josepshon loop made from a few submicron sized 
SC islands connected via similar Josephson junc- 
tions and placed in a frustrating magnetic field; 
such a device with 4 junctions is sketched in Fig. 1. 
Two degenerate states naturally appear in such a 
loop if the flux <i>g of the external field through the 
qubit loop is exactly $o/2 = hc/Ae. Using a gauge 
Aj; = 0, Ay = Hx, the classical minima of the 
Josephson energy are attained when the phase on 
the island G (Fig. 1) takes the value Lp^ = ±7r/2 
(relative to the phase at the point O); below we 
refer to these states as | t) and | |). In order to 
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Figure 1: SPQB device with Andreev probe; the 
area Sq of the "intrinsic" loop of the qubit is equal 
to the area Sf of the NS-QUID loop. 



reduce any parasitic coupling to the environment, 
the inductance L of the loop shall be small with 
Lie < 10~'^$o- Ignoring charging effects, the sys- 
tem prepared in one of these states will stay there 
forever; quantum effects appear when the charg- 
ing energies are accounted for. They are deter- 
mined by the capacitances C of the junctions and 
we require them to be smaller than the Joseph- 
son energy, e^/C ^ UIc/c- The tunnelling rate be- 
tween the two classically degenerate ground states 
is estimated as f2 ~ ^/eL^JhC exp{—a^/hl^XT/e^), 
where a is of order 1. We assume values of Iq be- 
tween 10 — 100 nA and capacitances of order of 
a few fF, resulting in a characteristic Josephson 
plasma frequency LUpi ^ 100 GHz and a tunnel- 
ing frequency ~ 1 — 10 GHz. Once tunnelling 
is taken into account, the true eigenstates become 
|0) = ^(1 T> + I i)) and |1) = ^(1 T) - I i)), sepa- 
rated by an energy gap h^l. A deviation of the mag- 
netic flux <I>g through the loop from a value ^o/2 
removes the degeneracy of the states | t) and | |). 
The Hamiltonian of our qubit written in the basis 
I T)j I i) takes the form H = hj-cr^ + h^cTz, where 
hz = ^{2^g — $o) and — HQ. Varying the ef- 
fective fields hz and we can perform all necessary 
operations on the qubit. Changing the external flux 
through the loop produces a variation in hz. The 
coupling parameter hx can be smoothly modified 
through a variation of the gate potential applied to 
the island G (cf. j^). Alternatively, short circuiting 
a junction with an external capacitor Gext ~ 10 C 
leads to an abrupt blocking of the tunneling chan- 
nel (switching oS hx)- 

The first task to be addressed in the study of 
a SPQB is the development of a convenient probe 
testing for coherent Rabi oscillations in the device; 
this can be accomplished by a measurement of the 
phase-sensitive subgap Andreev conductance. The 
low-T conductance of a NS boundary is determined 
by the time the incident electron and the Andreev- 
reflected hole can interfere constructively |^ . The 
phase coherent electron diffusion in the normal wire 
of a "fork" geometry ^, |7| leads to periodic conduc- 
tance oscillations as a function of the magnetic flux 
penetrating the region Sf oi the fork (with period 
$o)- This is due to the magnetic field controlling 
the superconducting phase difference between the 
two NS contacts of the fork, thus influencing the 
electron interference pattern. 

The experiment discussed here is governed by 
similar physics. Consider first the subgap conduc- 
tance between the active SC island of the qubit 



and the dirty normal metal wire, connected to the 
island via a high-resistance tunnel barrier with nor- 
mal state conductance ut < e^/fi. If the qubit 
phase does not fluctuate in time (i.e., ^ $o/2, 
hz ^ hx), the Andreev conductance at T ^ 0, 
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o^Rd, where Rd = pL <^ Oj 



the resistance of a dirty wire of length L. At volt- 
ages eV > TiD/L^ the differential subgap conduc- 
tance diA/dV = cr^'(F) - a^C{2eV), where C{E) 
is the space- integrated Cooperon amplitude In 
a single- wire geometry and in the absence of deco- 
herence inside the normal wire (i.e., at T — 0), 
the Cooperon amplitude C{E) = p^/hD/E at 
E » fiD/L'^. For the qubit tuned to resonance, 
hz < /ix, the time-dependent fluctuations of the 
SC order parameter destroy the coherence between 
multiple Andreev reflections at the NS bound- 
ary, thereby suppressing the subgap conductance. 
Quantitatively, their effect on the subgap conduc- 
tance aA{V) is 
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Here, P{E) = ^Je^^^K{t)dt and K{t) = 
^g«(v(o)-¥'(t))^ is the intrinsic correlation function of 
the SPQB. In the case of weak decoherence, K{t) is 



given by K{t) 



e '"I*!, with Q the tunnelling 



frequency and T the intrinsic decoherence rate. The 
derivation of Eq. (|l|) parallels the one presented 
in ^, In the case of completely coherent Rabi 
oscillations (F 0), the conductance (ta{V) van- 
ishes at 2eV < hfl and exhibits a square-root singu- 
larity crA{V) cx \ j \j2eV — h£l above the threshold, 
i.e., it behaves as a tunneling conductance into a 
BSC superconductor at 2eV > Abcs- In the oppo- 
site limit of incoherent quantum tunnelling of the 
phase (F 3> il), the ratio (0) decreases as eV/hT at 
low voltages. 

Next, consider the full interference experiment 
for the device shown in Fig. 1. The idea is to 
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measure the amplitude 

the Andreev current I a — Ia^ + I a 
a function of the magnetic field H (where the su- 
perscripts refer to the contribution from the 
contacts i = 1 and i = 2, see Fig. 1). The to- 

(12) 

tal phase determining the interference current Ij^ 
is equal to (f>A = 2'nHSf/^Q + ip. Away from 
the degeneracy field ff„ = {n + l/2)$o/'5'g, the 
phase (f in our device is determined by the min- 
imization of the Josephson energy and we obtain 
= TiiiHSq/^o + 1/2} - 1/2), where {x) is the 
fractional part of x. Choosing a geometry with 
Sq = Sf, we find for HSq/^o € [n,n + 1/2] an 

(12) 

interference current I\ = ji2Cos{3TrHSq/^o), 
whereas for HSq/^o E [n + 1/2, n + 1] the sign 

(12) 

changes: I\ = — ji2 cos(37ri7S'g/<i>o). Thus, the 

('12) 

whole semiclassical I)^ ' (H) dependence has a pe- 



riod ^o/Sq, with upward cusps at H = i/„. These 
cusps are due to the penetration of a flux quantum 
$0 into the qubit loop at the degeneracy points . 

f 12) 

At these fields the interference contribution I\ ' 
vanishes (in the geometry with Sq = Sf) and the 
semiclassical Andreev current is given by the sum 
/jj^^ -I- 1^^ . However, at H = Hn the quantum fluc- 
tuations in the phase (p become large and suppress 

(2) 

the Andreev current I\ to the "active" island G of 
the SPQB. This impHes that close to the degener- 
acy points \H — H„\ < HqMI/ Ej a very narrow dip 
is superimposed upon the above-mentioned cusp in 
the Ia{H) dependence. The minimum value of the 
current in this dip coincides with the current I^"^ 
to the "ground" . The voltage dependence of the dip 
diA/dV can be related, via Eq. (|l|), to the autocor- 
relation function K{t) of the SPQB. 

The proposed measurement is "non invasive" , 
i.e., it does not, by itself, destroy the coherent dy- 
namics of the phase (p. This is due to the fact that at 
low V this experiment does not measure the value 
of if. In order not to destroy the quantum tunneling 
of if during the measurement, the subgap conduc- 
tance should be low, i.e. cr^^ ^ 4e^//i = 6.5 kfi. 
However, it should not be too low to be measur- 
able with good accuracy at low temperatures (i.e., 
a^^ < 10 MQ). Well-controlled metaUic thin films 
with a long decoherence time can be produced with 
a sheet resistance ~ 0.1 kfl; the use of such films 
require a^^ in the range 3 — 30 kQ in order to place 
CT^^ within a range 0.1 — 10 MQ. 
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